OBJECTIVE-Type 2 diabetes and essential hypertension are major risk factors for cardiovascular diseases. Endothelial dysfunction is an early step in the development of atherosclerosis and has been demonstrated in hypertensive and diabetic patients.
C ardiovascular diseases are the most frequent complications of type 2 diabetes, and often they precede diabetes onset (1) . Emerging data suggest that type 2 diabetes and atherosclerotic disease may share common pathogenetic mechanisms. In particular, the condition of insulin resistance may represent this common antecedent even if all mechanisms unifying different effects of insulin resistance are not completely defined.
Several findings demonstrate that insulin resistance and high blood pressure are two often-associated clinical conditions (2) , and vascular inflammation probably represents the common soil of this bidirectional association. In addition, subjects with high blood pressure and those with insulin resistance have impaired endothelial-dependent vasodilation, an early step in the atherosclerotic process.
Endothelial dysfunction, detectable in patients with cardiovascular risk factors (3) (4) (5) (6) , provides prognostic information for future clinical events in different settings of patients (7) (8) (9) . At this moment, endothelial activation/ dysfunction is considered the biological response to vascular injury induced by cardiovascular risk factors (10) .
Hypertensive patients are characterized by both endothelial dysfunction (3, 6, 7) and insulin resistance (2) , a clinical condition related to development of diabetes. However, whether endothelial dysfunction precedes the onset of type 2 diabetes independently of underlying risk factors, including insulin resistance, remains an open question. Some studies have demonstrated that biomarkers of endothelial activation are associated with risk of incident type 2 diabetes (11-14), but there are no studies demonstrating that endothelium-dependent vasodilation, tested by pharmacologic stimulation of muscarinic receptor, is able to predict onset of type 2 diabetes. Thus, we designed this study to assess whether endothelial function, evaluated by strain-gauge pletysmography, may be considered an independent predictor of type 2 diabetes onset in a group of never-treated hypertensive patients.
RESEARCH DESIGN AND METHODS
A total of 400 (183 men and 217 women aged 22-60 years [mean age 47.1 Ϯ 9.8 years], all of whom were white) uncomplicated hypertensive patients (systolic blood pressure Ն140 mmHg and/or diastolic 90 mmHg) participated in this study. All patients had newly diagnosed, never-treated essential hypertension without target organ damage or previous cardiovascular events. In accordance with American Diabetes Association diagnostic criteria (15) , all patients were nondiabetic at enrollment and did not take any drug known to affect glucose metabolism.
New cases of type 2 diabetes were confirmed on the basis of the following criteria: 1) presence of more than one classic symptom of hyperglycemia plus either a fasting plasma glucose Ն7.0 mmol/l or random plasma glucose Ն11.1 mmol/l, 2) two or more elevated plasma glucose concentrations (fasting plasma glucose Ն7.0 mmol/l, random plasma glucose Ն11.1 mmol/l, or 2-h plasma glucose Ն11.1 mmol/l during oral glucose tolerance testing), and 3) use of an oral hypoglycemic drug or insulin. Follow-up included periodic control visits in the outpatient clinic for most patients. To improve long-term follow-up, a questionnaire was also mailed to family physicians, and patients were contacted by phone every 4 months. Vascular function assessments were performed at the first observation.
The local ethics committee approved the study. All participants gave written informed consent for all procedures and use of all data for successive evaluations. Insulin resistance. Insulin resistance was estimated by homeostasis model assessment (HOMA) from fasting glucose and insulin concentrations according to the following equation: HOMA ϭ [insulin (U/ml ϫ glucose (mmol/l)]/ 22.5 (16) . Vascular function. All studies were performed, by the same experienced investigators (R.M. and A.S.), at 9:00 A.M. after overnight fasting, with the subjects lying supine in a quiet air-conditioned room (22-24°C). To test vascular reactivity, we used the protocol previously described by Panza (3) and subsequently employed by our group (8, 9) . All patients underwent measurement of forearm blood flow (FBF) and blood pressure during intra-arterial infusion of saline, acetylcholine, and sodium nitroprusside at increasing doses. Measurements of FBF and vascular resistance were repeated every 5 min until stable. Endothelium-dependent and endotheliumindependent vasodilations were assessed by a dose-response curve to intraarterial acetylcholine infusions (7.5, 15, and 30 g ⅐ ml Ϫ1 ⅐ min Ϫ1 , each for 5 min) and sodium nitroprusside infusions (0.8, 1.6, and 3.2 g ⅐ ml Ϫ1 ⅐ min Ϫ1 , each for 5 min), respectively. Forearm vascular resistance, expressed in arbitrary units, was calculated by dividing mean blood pressure by FBF. For the present study, the maximal response to acetylcholine was considered for statistical analysis. Statistical analysis. Data are expressed as means Ϯ SD or as percentage frequency, and comparisons between groups were made by one-way ANOVA, Student's t test, or the 2 test, as appropriate. The events rate is reported as the number of events per 100 patient-years based on the ratio of the number of events observed to the total number of patient-years of exposure up to the terminating event or censor. For the patients without events, the date of censor was that of the last contact with the patient.
The association between endothelial function and incidence risk of type 2 diabetes was analyzed by univariate and multiple Cox regression analyses. Tested covariates included maximal vasodilatory response to acetylcholine as well as traditional (age, sex, smoking, glucose, serum cholesterol, systolic blood pressure, and BMI) and emerging (fasting insulin, HOMA index, and serum C-reactive protein [CRP]) cardiovascular risk factors. The multiple Cox regression model was constructed by including all variables that turned out to be associated with incident risk of type 2 diabetes (P Ͻ 0.10) at univariate Cox regression analysis. By this strategy, we constructed a Cox model of adequate statistical power (at least 10 events for each variable into the final model). Data are expressed as hazard ratio (HR) (95% CI) and P value. Point estimates of the probability of type 2 diabetes occurrence associated with maximal vasodilatory response to acetylcholine were calculated by using the equation derived from the multiple Cox regression analysis. Analysis of biological interaction between acetylcholine-stimulated FBF and CRP was performed, as previously described by Greenland and Rothman (17) , by dividing patients into four groups in relation to the median of acetylcholine-stimulated FBF and CRP. In two-tailed tests, a value of P Ͻ 0.05 was considered statistically significant.
RESULTS
In the study population, fasting glucose and insulin ranged from 3.7 to 6.5 mmol/l and from 2 to 40 U/ml, respectively. During follow-up (median 54 months [range 6 -70]), there were 44 new cases of type 2 diabetes (2.4 events/100 patient-years), similar to that observed in the Losartan Intervention For Endpoint reduction in hypertension (LIFE) study (18) . Baseline characteristics of patients who progressed toward type 2 diabetes (progressors) and those remaining free of type 2 diabetes (nonprogressors) are reported in Table 1 . There were no statistically significant differences between the two groups in age, sex, smoking habit, total cholesterol, fasting glucose, or basal FBF. On the contrary, progressors had a higher baseline fasting insulin and HOMA mean values. Similarly, mean CRP was significantly higher in progressors than in the control group (5.1 Ϯ 2.6 vs. 3.9 Ϯ 2.3 mg/l; P Ͻ 0.001) ( Table 1 ). In addition, the highest response in acetylcholine-stimulated FBF was significantly lower in progressors compared with that in nonprogressors (227 Ϯ 149 vs. 329 Ϯ 192%; P Ͻ 0.0001) ( Table 1) ; in contrast, no significant differences were observed in maximal vasodilation induced by sodium nitroprusside (297 Ϯ 117 vs. 317 Ϯ 105%; P ϭ 0.240).
At the first eligibility visit, none of the patients had been treated with antihypertensive or other medications known to interfere with insulin sensitivity. Baseline blood pressure values were 150/92 Ϯ 17/12 mmHg and did not differ between the two groups. All patients were treated to reduce clinical blood pressure Ͻ140/90 mmHg using standard lifestyle and pharmacological treatment. Diuretics, ␤-blockers, ACE inhibitors, calcium channel blockers, angiotensin II receptor antagonists, and ␣ 1 -blockers were used alone or in various associations without significant differences between the groups. Antihypertensive drugs used in the study population are reported in Table 2 . Vascular function. Intra-arterial acetylcholine infusion caused a dose-dependent increase in FBF (P Ͻ 0.0001) and decrease in vascular resistance. The FBF increments from basal (3.3 Ϯ 0.6 ml ⅐ 100 ml tissue Ϫ1 ⅐ min Ϫ1 ) at the three incremental doses were 1.9 Ϯ 1.3 (ϩ58%), 5.5 Ϯ 3.8 (ϩ164%), and 10.6 Ϯ 6.7 ml ⅐ 100 ml tissue Ϫ1 ⅐ min Ϫ1 (ϩ316%). At the highest dose of acetylcholine (30 g/min), FBF increased to 13.8 Ϯ 4.2 ml ⅐ 100 ml tissue Ϫ1 ⅐ min
Ϫ1
and vascular resistance decreased to 10.2 Ϯ 5.1 units. Similarly, sodium nitroprusside infusion induced a significant increase in FBF (maximal increment from the basal, ϩ325%) and a decrease in vascular resistance (Ϫ74%). , but this association did not achieve statistical significance (P ϭ 0.10). No association was found between occurrence of type 2 diabetes and fasting glucose (P ϭ 0.09), smoking (P ϭ 0.30), age (P ϭ 0.43), systolic blood pressure (P ϭ 0.65), sex (P ϭ 0.67), or BMI (P ϭ 0.86).
In a multiple Cox regression model (Table 3) (Table 3) . Successively, we tested the possible interaction between these variables. In particular, we observed that patients who have CRP values above the median and FBF under the median show a higher risk of developing diabetes (2.80 [1. 24 -6 .30], P ϭ 0.01) ( Table 3 ). In this model, we included HOMA index to avoid a possible colinearity with fasting insulin and because the insulin resistance condition is very frequent in essential hypertension.
Maximal vasodilatory response to acetylcholine was inversely related with HOMA index (r ϭ Ϫ0.44, P Ͻ 0.001), which explains why HOMA index became a significant predictor of type 2 diabetes (HR 1.22 [95% CI 1.06 -1.40], P ϭ 0.006) in a model excluding endothelial function. This result suggests that insulin resistance and endothelial dysfunction are in the same causal pathway leading to type 2 diabetes in hypertensive patients. The association between maximal vasodilatory response to acetylcholine and probability of type 2 diabetes occurrence is graphically reported in Fig. 1 .
DISCUSSION
Hypertensive subjects who developed type 2 diabetes had higher baseline fasting insulin, HOMA, and CRP mean values. However, the major finding of this study is that peak response to acetylcholine-stimulated vasodilation resulted as an independent predictor of new onset of type 2 diabetes in hypertensive patients. After adjustment for well-established type 2 diabetes risk factors, including insulin resistance, HOMA, and pharmacological treatment, vasodilatory response to acetylcholine and CRP remained significant predictors of incident type 2 diabetes. Thus, present data provide evidence for a strong association between baseline endothelial function and development of type 2 diabetes in essential hypertension. Inflammation may be involved in this association, but the inclusion of CRP in the final model did not eliminate this association. Of interest, these two variables interact, increasing in a multiplicative manner the risk of new diabetes. Since inflammation and endothelial dysfunction (3, 6, 8) are present in hypertensive patients, it could be interesting to know which alteration precedes the appearance of the other. In keeping with this, we suggest a possible pathophysiological mechanism: hypertension-related vascular inflammation at first induces endothelial dysfunction, which in turn promotes insulin resistance and progression to type 2 diabetes. In fact, essential hypertension is associated with increased oxidative stress, which induces mild vascular inflammation and endothelial dysfunction. This condition impairs insulin sensitivity, activating a vicious circle that contributes to progression to type 2 diabetes (19) . This hypothesis is in agreement with previously published data demonstrating that proinflammatory molecules, such as tumor necrosis factor-␣, interleukin-6, and CRP, are associated with endothelial dysfunction and insulin resistance (20, 21) . Accordingly, we observed a significant relationship between CRP and both endothelial dysfunction and type 2 diabetes, supporting the idea that endothelial dysfunction contributes to the development of type 2 diabetes. On the other hand, insulin resistance is associated with activation of the adrenergic system, which interferes with vascular reactivity. Recently, we demonstrated in human umbilical vein endothelial cells that angiotensin II, acting via the AT1 receptor, exerts an inhibitory effect on the insulin signaling pathway involved in nitric oxide production, which affects insulin resistance (22) . In keeping with this, drugs interfering with the renin-angiotensin system are able to significantly improve endothelial dysfunction and to reduce new onset of type 2 diabetes (18, 23, 24) . Taken all together, these data suggest that endothelial dysfunction may contribute to development of type 2 diabetes, preceding-rather than following-its onset.
Data reported by D'Agostino et al. (25) demonstrated that individuals with cardiovascular risk factors are at increased risk of type 2 diabetes, which is only partially mediated by insulin resistance or central adiposity. These results support our hypothesis because it is well established that cardiovascular risk factors are associated with endothelial dysfunction (3) (4) (5) (6) 8, 9) . Thus, since cardiovascular risk factors predict the appearance of type 2 diabetes and are associated with endothelial dysfunction, it is plausible that vascular damage precedes the clinical manifestation of type 2 diabetes.
Some previous studies demonstrated that biomarkers of endothelial activation predict type 2 diabetes independently of other known risk factors (11) (12) (13) (14) . Different from others, the novelty of our data are that we directly tested, in a very large sample of hypertensive patients, endothelial function by stimulating muscarinic cholinergic receptors by intra-arterial infusion of vasoactive agonist. This method allows a direct evaluation of endothelial vasodilating properties. In addition, our data are consistent with those obtained by Rossi et al. (26) in a population of apparently healthy postmenopausal women.
Finally, even if the evaluation of endothelial function is not a routine procedure, our data may have a relevant impact on treatment of essential hypertension. In fact, antihypertensive drugs that improve insulin resistance and endothelial dysfunction should be preferred because of their capability to delay onset of type 2 diabetes and its cardiovascular complications in hypertensive patients (18, 23, 24) . In addition, it would be more appropriate to state that patients with newly diagnosed hypertension should have a basal screening that includes measurement of insulin sensitivity indexes in order to anticipate, and possibly treat, early development of type 2 diabetes. Study limitations. This is an observational, nonrandomized, prospective study. Our findings have been obtained in initially untreated hypertensive white subjects, so results may not be extended to different racial groups or to subjects receiving antihypertensive treatment at the time of the qualifying evaluation. Finally, the invasiveness, even if minimal, of the method used to evaluate endothelial function may represent another limitation of this study. In fact, the method cannot be easily applicable in a large prospective human study.
